The modelling of the parameters that influence the continuous evaporation of an alcoholic extract was considered using Doehlert matrices. The work was performed with a wiped falling film evaporator that allowed us to study the influence of the pressure, temperature, feed flow and dry matter of the feed solution on the dry matter contents of the resulting concentrate, and the productivity of the process. The Doehlert shells were used to model the influential parameters. The pattern obtained from the experimental results was checked allowing for some dysfunction in the unit. The evaporator was modified and a new model applied; the experimental results were then in agreement with the equations. The model was finally determined and successfully checked in order to obtain an 8% dry matter concentrate with the best productivity; the results fit in with the industrial constraints of subsequent processes.
Introduction
The production of high added-value compounds from vegetal substrates has again become an interesting scientific and economic operation comparing favourably with chemical synthesis. The more constraining regulations about security and environmental protection increase, the increasing costs of industrial raw materials and the decreasing prices of agricultural products give the natural processes a competitive footing with the synthetic products. Moreover, some phytomolecules, in particular optically active ones, cannot be obtained by synthetic routes. However, geneticists are often in a position to increase the capacity of a plant to produce particular molecules in the plant.
The isolation of a molecule from a plant is carried out in several steps by combining unit operations with simple chemical modifications, thus allowing the separation of a family of components from the medium. The first step usually consists of leaching the vegetal matter with a convenient solvent in previously optimized conditions to obtain both an extract and a solid residue. The dry matter (DM) content of the extract depends on the nature of the solvent and the conditions of extraction. The second step is often a partial evaporation giving a concentrate that exhibits the content level required by the subsequent steps of the process (physicochemical unit operation, chemical reaction, etc.).
The purpose of the present work was to obtain, on a pilot scale, an 8% DM concentrate from the variable solid content of a feed extract resulting from leaching, with the best productivity of evaporation. To reach these results, the building of the model for the influence of several parameters for a continuous evaporation (temperature, absolute pressure, feed flow, dry matter of feed solution) of an alcoholic extract was considered using Doehlert matrices.
Materials and methods

Wiped falling film evaporator
The evaporation was performed in a continuously wiped falling film evaporator (Luwa-type). This evaporator is particularly suitable when compared with batch evaporators for concentrating thermosensitive products since the residence time on the hot supply is relatively short (some 10 s) and depends on the viscosity of the concentrate. The operation was carried out according to the following procedure (figure 1). The feed solution (F) is dispatched to the top of the evaporator thanks to a volumetric pump (P) (Prominent Gamma/5) fitted with a counter-pressure valve. The solution enters the unit tangentially above the heated zone and is distributed evenly over the inner circumference of the body wall by the rotor. The wiping blade (S) induces the product to spiral down along the hot wall. The volatile components are rapidly evaporated co-currently with the warming fluid at a temperature measured by the TI1 probe and are then condensed in a triple coil heat exchanger (HE1). The inlet and outlet temperatures of the cooling water are measured by the TI2 and TI3 probes. Non-volatile components (concentrate) are discharged at the bottom outlet of the unit. Continuous washing by the bow waves minimizes the fouling of the thermal wall where the residue concentrates most. The concentrate (C) and evaporate (E) are continuously collected in the corresponding tanks after streaming on the respective cooling pipes (HE2 and HE3). The warming fluid, heated and regulated at a temperature indicated by the TIC probe in a thermostat (Th) ('GMC es 13 M' type with a 6 kW power supplied by Parmilleux, Vaulx-en-Velin, France), flows through the double jacket of the evaporator before being recycled in the thermostat. A vacuum is obtained by a water-sealed rotary pump and is regulated at the studied value, directly from the control cupboard, by an electro-valve (EV1) controlling an escape.
With this unit, designed by Pignat SA (Genas, France), it is possible to change the influential parameters within the following ranges for (1) absolute pressure (PIC): from 50 hPa to atmospheric pressure; (2) the temperature of the warming fluid (TIC): from room temperature to 120 8C; (3) feed flow (FIC): from 0 to 10 l h À1 ; (4) the stirring speed of the wiping blade (SIC): from 0 to 180 rpm. The latter parameter was not studied and the speed was maintained at 120 rpm.
Measures
The dry matter contents of samples were determined by evaporation of solvent in a drying oven at 105 8C for at least 4 h. The flows of evaporate (E) and concentrate (C) were calculated by measuring the weight of the effluents obtained during a given time. The densities were obtained by the pycnometric method. Pressures (hPa) were absolute pressures. The working temperature was given by a probe situated at the inlet of the evaporator (TI4). For every measure the mass balance law was verified with an error inferior to 5% by carrying out the balance on the overall weights (F ¼ C þ E) and on the input and output dry matter (F:w F ¼ C:w C ), where w f and w c are, respectively, the mass fraction of the feed solution and the concentrate. C:w C represents also the productivity of the operation.
Doehlert matrices
The model was built using the Doehlert lattices because with this method only a few experiments are required for a given number of studied parameters. The Doehlert matrices offer the possibility of continuing studying the processes by adding other factors without modifying the preliminary results and also of performing a translation of the experimental area to delimit the optimum better.
A Doehlert matrix is generated from a simplex and represents the meshes of a lattice of points uniformly distributed in the space at the same distance from the centre [1, 2] . It leads to an estimate of the efficiencies of second-level polynomial models, which allows one to predict a response in every point of the studied area. A Doehlert matrix is built in two steps. The first step is generated from the initial simplex with (k þ 1) vertices in a k-dimensional space. The first vertex of the simplex must be the centre of the experimental area, and the other points are the coordinates of an equilateral triangle (two factors), a tetrahedron (three factors), a hypertetrahedron (four factors), etc. The coordinates of the initial simplex, for a matrix with three factors (tetrahedron), are shown in table 1. Every simplex with k variables can be deduced from the simplex immediately inferior (with k À 1 variables) by adding a line with the coordinates given in table 2 (with p ¼ k À 1). So, for a four-factor matrix (k ¼ 4), the values of X 1 ðp ¼ 3Þ, X 2 ðp ¼ 2Þ and X 3 ðp ¼ 1Þ of experiment 5 are given by relation I, and X 4 by relation II (table 2). The points of the initial simplex for a four-factor Doehlert matrix are given in the first five lines of table 3. The additional points are then obtained by subtracting the coordinates two by two from the vertex of the initial simplex (table  3) . The principle for building a matrix with two or three factors is shown in figure 2: points A (0; 0), B (1; 0) and C (0.5; 0.866) are the coordinates of an equilateral triangle (regular simplex in a two-dimensional space figure 2A ). The subtraction of points, the one from the other
, leads to a regular hexagon with a centre point ( figure  2B ). The tetrahedron, obtained in a three-dimensional space, is shown in figure 2C . Doehlert matrices are rotatable (d i is constant in all the settings of the experimental variables, x i is at the same distance r from the centre point of the design) but lead to a high variance as a result of the small number of experiments required in comparison with second-order experimental designs. For example, the study of four factors requires 21 experiments with a Doehlert matrix and at least 25 experiments with a central composite design. Doehlert matrices present several specifications.
(1) The experimental results obtained when using a Doehlert matrix lead to the estimation of several coefficients of a second-order polynomial model:
second-order coefficients and ½kðk À 1Þ=2b ij interaction coefficients. (2) The number of experiments is not high. The minimal number of points is given by the relation
where k is the number of factors studied, whereas a central composite design requires a minimal number of experiments given by
where N 0 is the number of experiments performed at the centre of the area. However, Doehlert matrices involve only one point at the centre but several experiments are recommended at this point. (3) Contrary to what occurs with classical experimental designs, the number of levels studied for each factor is not equal: five for the first, three for the last one and seven for the others for a four-variable matrix (table  3) . In view of this, it will be possible to assign the most sensitive parameters to the intermediary variables X 2 and X 3 in a four-factor matrix. In the same way, when the number of levels of a parameter need to be restricted, it is possible to allocate this factor to the last variable. (4) Doehlert matrices offer the possibility of studying one (or several) additional factor(s) without any change in the already performed experiments. The changeover from three to four factors implies only eight new experiments while keeping the 13 original points. However, its feasibility supposes that the results remain homogeneous in time with experiments. Table 2 . Calculation of the additional points of a Doehlert matrix.
(5) It is also possible to perform a translation of the initial matrix while keeping several points of the original matrix (only three new experiments instead of seven for four factors, seven new points instead of 11 for three factors, with only one point at the centre, etc.) when the results allow to research the optimum in a related area.
Results and discussion
Three-factor matrix
The initial aim of the study was to link the influence of absolute pressure, feed flow and temperature of the heatexchange fluid on the concentration of an alcoholic extract. The crude extract was obtained after leaching a plant with ethanol using a continuous screw-conveyor extractor ('De Smet' type). This first series of experiments on concentration was carried out on a 1.76% DM extract obtained from the latter unit. The actual variables were calculated from the following relations, where X 1 , X 2 and X 3 are the pressure, the volume feed flow of the solution and the temperature expressed in coded units, according to Box's notation [3] : Variance analysis, performed with JMP software, shows that the mean of deviation is often more important than the value of a parameter, and to exclude the terms represented in italics in equations (1) and (2) . Relation (1) shows the weak negative influences of pressure (X 1 ) and feed flow (X 2 ) and the strong positive influence of temperature (X 3 ) on the DM content of extract (Y 1 , equation 1). Correction by quadratic terms is weak, except in the case of temperature, where it is largely positive on the DM content. The interaction terms are negative for pressure-temperature and strongly negative for temperature-flow on the DM content (equation 1). Besides, volume flow (X 2 ) has a great influence on productivity, whereas temperature and pressure have a negligible one (Y 2 , equation 2). The correction by quadratic and interaction terms does not significantly modify the trends.
Four-factor matrix
Our industrial partner did not want to use a continuous solid-liquid extraction in his company, so it also seemed important to study the weight fraction of the initial extract as this parameter may vary during the successive batch operations. The eight new points of the fourvariable matrix (table 5) were added to the 13 previous points of the experiments (table 4) and, with this new system, X 4 was the coded unit value of the weight content of the feed extract (w ¼ 1:77 þ 2:0X 4 ).
The matrix calculation gives the estimated patterns represented by equation (3) for dry matter content and equation (4) for productivity (terms in italic are not significant):
These results confirm the previously defined general trends and allow one to show the greatly positive contribution of weight content (X 4 ) as well as its positive interaction temperature on the DM content of the concentrates (equation 3). With regard to the evaporation productivity (equation 4), weight content is naturally fundamental and exerts its influence on all parameters where this variable interfere. These effects are shown in figure 3 .
The pattern was verified by performing experiments with a level of variables inside the experimental area (table 6 ). The checking of the design was not very good because at least one variable was badly controlled. This verification allowed one to detect a dysfunction in the evaporation unit. As a matter of fact, the temperature of the heating fluid was regulated at the exit of the evaporator (TIC, figure 1 ) and not at the entrance (TI4). The temperature gradient between the inlet and outlet oil depends on the amount of solvent evaporated, which itself depends on absolute pressure and feed flow, a significant error (sometimes several degrees) in the actual temperature of the oil at the entrance of the evaporator may result from this. The unit was then modified by adding a new temperature probe to the inlet pipe (TI4) and by controlling the temperature at this level. 
Second four-factor matrix
After modifying the unit, the new four-factor matrix of table 7 was performed by slightly shifting the size of the experimental area according to the equations indicated below table 7. The results shown are the average of two experiments, except for the first and the 17th, for which, respectively, six and four experiments were carried out. The matrix calculation gives the estimated pattern represented by the following equations, equation (5) for dry matter content and equation (6) for productivity (terms in italics are not significant):
The prediction profilers of the influential parameters (not shown) are similar to those obtained with previous models ( figure 3 ). The experimental DM contents (Y 1e ) were compared with the calculated DM contents (Y 1c ) obtained from equation (5) and the sums of the quadratics of the differences between the yields of each experiment ½ðY 1e À Y 1c Þ 2 were sometimes important. This resulted particularly from experimental errors made on DM determination. When the experiment was actually carried out in conditions that can induce high DM contents, a persistent sediment layer also stuck on the jacket of the evaporator and onto the cold thermal exchanger HE2. This deposit disturbed the results of the experiment and could disturb those of the following experiment. However, the experimental and calculated productivities (Y 2e ) and (Y 2c ) were generally in agreement. These results are shown in figures 4 and 5, which show the charts of actual versus predicted responses, respectively, for the DM content of the concentrate and the productivity of the process.
Residual variances (
2 , obtained by the division of the sum of AEðy e À y c Þ 2 by degree of freedom (48 experiments À 15 studied parameters ¼ 33) give, respectively, 0.728 (for Y 1 ) and 12 Â 10 À6 (for Y 2 ). The variance calculation allows one to exclude some insignificant parameters indicated in italics in equations (5) and (6) . This model was verified by checking some experiments with the values of parameters taken inside the experimental area (table 8) except for the experiment E, which was slightly outside the experimental area. The results are accurate considering that errors made on weight and DM measurements were inferior by 5%. Moreover, the respective means of deviation were 0.62, 0.57 and 0.91 for experiments C, D and E, and these values cover the experimental results.
Model-building of the operation
The purpose of this modelling is to find for a given feed weight fraction obtained after leaching, the conditions that lead to obtain (1) the best productivity of evaporation (Y 2 ) and (2) a concentrate with an 8% DM content, which is the precise concentration needed for the next step of the operation. These aims could be reached for a settled feed weight fraction of extract imposed by the previous leaching (X 4 ¼ 0:79, for example) by performing a theoretical simplex on X 1 , X 2 and X 3 variables. This methodology [4] [5] [6] can be used to obtain the optimal conditions of a process from experimental and calculated values. The coordinates (X 1 , X 2 and X 3 ) of the starting simplex are given from the best response Y 2 in table 7 (Y 2 ¼ 0:1924 for experiment 19 00 ). The other points of the tetrahedron were obtained while using steps of À0:4, 0.6 and 0.4, respectively, for pressure, volume flow and temperature. The theoretic productivity was calculated according to equation (6) . When the boundaries of the area were exceeded, the variables were then fixed to the frontier values of the Doehlert matrix, i.e. X 1 ¼ AE 1, X 2 ¼ AE 0:866 and X 3 ¼ AE 0:816. The development of the simplex (not shown) shows that the best productivity was obtained when X 2 and X 3 were at high levels and when X 1 was at a low level. The same conclusion was obtained for other values of weight fraction and this is in accordance with equation (6) .
By replacing the expected weight fraction for evaporation (Y 1 ¼ 8%, equation 5) by the best values found for less influent variables (X 1 ¼ À1 and X 3 ¼ 0:816), this resolution allows one to obtain a relation between the feed flow (X 2 ) and the weight fraction of the feed solution (X 4 ), which then gives an 8% DM concentrate with the best productivity of evaporation, whatever the content of the influent extract. This conversion leads to relation (7) (figure 6), where the target area (8% DM) is specified in heavy dashes:
This model was checked with two feed extracts with respective solid contents of 2.83% ðX 4 ¼ 0:65Þ and 1.38% ðX 4 ¼ À0:30Þ. The resolution of equation (7) leads to respective volume flows of 9.0 l h À1 ðX 2 ¼ 0:878Þ and 7.0 l h À1 ðX 2 ¼ 0Þ; which are the conditions to obtain an 8% DM concentrate with the best productivity. The experimental results (table 9) are in accordance with the calculated values, with errors less than 5%. The evolution of the productivity versus vol- ume flow and weight fraction of extract in the area studied is shown in figure 7 . Moreover, the variation of volume flow versus weight content of extract is shown in figure 8 , where the isoresponse curves of productivity appear with an 81% DM concentrate.
Conclusion
The use of Doehlert lattices allows the measurement of the influence of parameters while carrying out a reduced number of experiments. The lattices show the weak, negative influences of pressure and feed flow and the strong, positive effects of temperature and the weight fraction of the extract on the DM content of the concentrate. Productivity is enhanced by volume flow and particularly by the DM content. When checking the modelling, there was some dysfunction in the regulation of temperature.
After refitting the unit, the model was correctly verified with errors less than 5%. Independently of the usual experimental errors (for temperature, pressure, volume flow, weight), which depend on the reliability of sensors and actuators, the main errors were made when determining the DM contents. In fact, the drying of vegetal products resulted from competition between the evaporation of volatile products (solvent as well as some volatile solids) and the adsorption of atmospheric water vapour. It was found that prolonged heating induced a consistent loss of solid that was proportional to a logarithmic variation of time (results not shown). These observations can be used to explain why a great difference can sometimes be observed between the experimental and the calculated values.
Finally, considering the main aim of the operation, i.e. to obtain an 8% DM concentrate with the best productivity, it was possible from an extract with a given DM content to find the conditions that allow one to reach the target, whatever the content of the solution to be evaporated. 
